Starting from several monthly data sets of Rosetta's COmetary Pressure Sensor we reconstruct the gas density in the coma around comet 67P/Churyumov-Gerasimenko. The underlying inverse gas model is constructed by fitting ten thousands of measurements to thousands of potential gas sources distributed across the entire nucleus surface. The ensuing self-consistent solution for the entire coma density and surface activity reproduces the temporal and spatial variations seen in the data for monthly periods with Pearson correlation coefficients of 0.93 and higher. For different seasonal illumination conditions before and after perihelion we observe a systematic shift of gas sources on the nucleus.
INTRODUCTION
The Rosetta mission provides a systematic study of the comet 67P/Churyumov-Gerasimenko (67P/C-G) on its way across the inner solar system. In contrast to previous flyby missions, Rosetta monitored the cometary environment constantly with a wide variety of instruments (Schulz 2009 ). The nucleus of comets consists of a mixture of dust and ice (Huebner et al. 2006) . Upon approaching the inner solar system, the nucleus heats up, frozen volatiles sublimate, and gas together with dust is released. The continuous emission results in a coma, consisting of neutral and ionised species, and gives rise to a tail region surrounding the nucleus. Depending on the composition, size, and activity of the nucleus, the gas and dust densities vary considerably. For 67P/C-G approaching the sun, the total gas production rate increased with peak activity occurring ∼ 20 days after perihelion (Hansen et al. 2016) . The COmetary Pressure Sensor (COPS) on-board of Rosetta has probed the gas density and dynamic pressure over a period of several months and thus provides a significant data set for a comet coma with a high temporal resolution in 1 minute intervals (Balsiger et al. 2007 ). Due to the spreading and mixing of gas in space and the unknown surface emission rates it is not possible to deduce from the in-situ coma measurements directly to the local surface activity at the sub-spacecraft points. The surface emission from different points on the nucleus is the E-mail: kramer@zib.de input to any model of the entire coma (Combi et al. 2004 ). The deduction of surface properties from coma features requires to solve the inverse problem, which is formulated here as an optimisation procedure. The complexity of the inversion is increased by the need of an accurate gas model and by the large amount of in-situ data points. For instance, the direct simulations Monte Carlo (DSMC) method brings along most accurate atomistic results (Bird 1994) , but cannot be applied to study all possible surface emission scenarios to be compared with the COPS data (Fougere et al. 2016) . In addition, the complicated non-convex nucleus shape of 67P/C-G does not admit model reductions by symmetry considerations and further increases the computational complexity. Here, we present a different approach to describe the coma, which allows us to assimilate the large amount of measurements collected by COPS on Rosetta at moderate computational costs. We carry out the inversion and optimisation procedure to find the converged, self-consistent gas field and the corresponding distribution of surface emitters on 67P/C-G. To stay numerically efficient, we work with simplified gas equations and neglect collisions in the tenuous atmosphere around 67P/C-G. The converged source distribution minimises the least squares deviation of the measured vs. modeled density at Rosetta's position and reproduces the COPS data set over several weeks with high Pearson correlation coefficients of 0.93-0.99. The articles is organised as follows: In Sect. 2 we describe the mathematical model and the optimisation procedure and in Sect. 3 we discuss the resulting gas emission from surface sources. We apply the model to different heliocentric distances of 67P/C-G and discuss the ensuing gas field for varying sub-solar latitudes, corresponding to pre-equinox (April 2015), equinox (June 2015), shortly after perihelion (September 2015) , and 9 months past-perihel (May 2016) conditions. Finally, we describe how the gas sources are shifting with the changing seasonal solar illumination along the orbit of 67P/C-G and how the sources correlate with optical Rosetta observations.
COMETARY GAS MODELS
A common ancestor of all cometary gas models is the Haser (1957) model for gas emitted constantly in time from a spherical nucleus and with a constant radial velocity. Neglecting ionization, the equation of continuity implies a x −2 drop of the neutral gas density with distance x from the comet. Other coma models consider a more complex gas dynamics around a non-spherical nuclear shape. Here, we are considering the inner coma up to a distance of 400 km. Up to this distance, the gas distributes within ∼ 400 s and retardation effects due to the rotation of the nucleus can be neglected. The gas density in this space increases from 10 15 molecules/m 3 in April 2015 (heliocentric distance 1.8 AU) to 10 18 molecules/m 3 two weeks after perihelion (heliocentric distance 1.3 AU). For the months excluding perihelion, this implies a relatively large mean free path length l mfp = 5000-50 m and Knudsen number Kn = l mfp /L = 0.1-10 and indicates that collisions occur less frequently compared to more active comets, where l mfp = 0.1-1 m (Gombosi et al. 1986 ). The small amount of collisions allows us to build up a coma model from the analytical gas equations for the collisionless case (Narasimha 1962) . The analytical gas solutions match the DSMC results for high Knudsen numbers Kn = l mfp /L 1 (Cai & Wang 2012) , while at lower Knudsen numbers Kn ∼ 0.1 the error is below 19%. For the highest gas densities encountered in the weeks after perihelion, the collisionless approximation introduces a larger relative error of 0.18, but still fits the observations with a Pearson correlation 0.93, see Tab. 2.
Contribution of a single surface face
For the presented model, the shape of 67P/C-G with concave areas is approximated by a high resolution triangular surface mesh. Each mesh face acts a potential gas source, albeit with a position dependent activity, Fig. 1 . The momentary gas density at the spacecraft position x ∈ R 3 results from the linear superposition of all visible gas sources, possibly located on different parts of the bi-lobed nucleus. As a consequence, the dominant factor for the variability in the gas density around 67P/C-G is the irregular shape of the nucleus. Let us assume a piecewise triangular shape approximation S (n) for the surface based on n triangular surface elements E i , namely
Each face E i emits collisionless gas into a surrounding vacuum with a point gas-source centered at b i = center of mass(E i ) and pointing along the outward surface for the comet 67P/C-G and coordinate system for an exemplary gas source located at the highlighted triangular face E i .
normal ν i . For this case, Narasimha (1962) derives the analytical results for a gas temperature T and outflow velocity u 0 . Introducing the parameter β = 1/(2RT), with specific gas constant R and U 0 = u 0 √ β, the density profile at a space point x = b i + r is given by
Here, r = |r|, cos θ = r·ν i /r and the source strength is denoted by q i . With the corresponding velocity field
the momentum field becomes free of sources, that is div(ρ i u i ) = 0. The momentum field carries along the molecular production rate ρ i from a source on face E i at any distance > 0
The factor 1 − F(U 0 )/U 0 , with Dawson's integral F, approaches 1 for 1 < U 0 . In this limit |E i |q i / √ β is the production rate ρ i , and
becomes the surface emission rate (flux) with the unit molecules per time and surface area. In general, the gas variables ρ i and u i are functions in space and time and depend on the previously and momentary received solar radiation. We consider the time-averaged (over several weeks) surface emission rate and do not consider oscillations caused by the momentary illumination conditions. This restriction clearly brings out the spatial variations of the surface emission rate and does not introduce a large error in the description of each monthly COPS data set, as will be shown below. 
Construction of the entire gas coma
The gas emission of the complete shape S (n) is described by the linear superposition of all face contributions (1). The model builds on an accurate shape representation of the nucleus, given by a regular triangular surface mesh and including concave areas. We use a shape model with 9996 nearly equally sized triangles derived by uniform remeshing from the high resolution model constructed by Malmer (2015) . The bi-lobed shape and the concavities found on the surface of 67P/C-G require to consider the obstruction of gas sources according to the spacecraft location. Since the gas expands along straight lines, Eq. (2), a face E i only contributes to an observation point x ∈ R 3 if the line between b i and x does not cross the surface of the shape S (n) . Summing up over all faces gives the gas density around the comet:
Neglecting any molecular desorption or adsorption, the total production rate Q of the the comet shape S (n) arises from the sum of all source contributions. The outflow across a reference sphere of radius R > 0 and with surface element dσ is given by
For the simplified case of a convex comet shape (occ i = 1) we obtain
If we assume in addition a spatially homogeneous activity ρ i = Q 0 /n for all faces i = 1, ..., n, one recovers the Haser (1957) model with total production rate given by
For 67P/C-G the last two simplifications do not seem appropriate and we use the general expression (6). Table 2 . Parameters for the gas model coupled to n = 9996 triangular faces to represent the shape of comet 67P/C-G.
Parameter evaluation for the inverse gas model
The gas distribution in the coma depends on the parameters U 0 and q i in (1), to be specified for all i = 1, ..., n faces. The inverse problem consists of determining these n + 1 parameters by making use of the larger set of N measured gas densities ρ j in the coma at different spatial positions x j .
(x j , ρ j ) ∈ R 3 × R, for j = 1, ..., N.
For n + 1 < N, the system of equations relating the n faces to the N observations ρ = (ρ 1 , ..., ρ N ) results in an overdetermined problem and is nonlinear in U 0 . Applying Eq. (5),
we abbreviate this parametric dependence by
with respect to U 0 and the unknown surface activity parameters q = (q 1 , ..., q n ). The problem statement is readily expressed in matrix form by M U 0 q = ρ, with the model matrix M U 0 ∈ R n×N containing the contribution of every surface triangle to a given COPS location. We require (U 0 , q) ∈ R n+1 to give the minimal error between observation data and model
Having found this optimal solution set U 0 and q, the gas field results from Eq. (5). The relative l 2 -error for the optimal solution is given by
The same inverse optimisation procedure could be applied to other gas models. For the analytical gas model used here, Eq.
(1), the matrix M U 0 is constructed very efficiently.
OBSERVATIONAL DATA AND MODEL RESULTS
The model is evaluated directly at Rosetta's sampling points and at a reference sphere with radius 100 km. Finally, we give the corresponding surface emission rate on the cometary surface. As input we take the observational data of Rosetta's COPS for four months in 2015 and 2016. COPS consists of two gauges. The Nude Gauge measures the total neutral gas density and the Ram Gauge records the dynamic pressure of the gas that emanates from the nucleus (Balsiger et al. 2007) . For this work, COPS Nude gauge measurements are used. In the Nude Gauge a hot filament emits electrons that are then accelerated towards the anode grid in which they ionise neutral particles. The resulting ions are measured with a sensitive electrometer. For the data set shown here, first the spacecraft background gas surrounding Rosetta (Schläppi et al. 2010 ) is subtracted to obtain the density of the cometary volatiles. COPS calibration in the laboratory has been performed with molecular nitrogen N 2 . The measured densities at the comet have been corrected for different compositions to account for the species dependent instrument sensitivities with respect to N 2 . Around 67P/C-G, water vapor H 2 O is the most abundant species besides CO and CO 2 at larger heliocentric distance (Fougere et al. 2016) . For simplicity, we assume a one component coma, which introduces errors on the order of 10%. On top of that, the errors in COPS absolute densities are approximately 15%, yielding a total error of 18%.
Inverse gas model for COPS data
We consider data sets for four distinct months, April 2015, June 2015, September 2015, and May 2016. Each of the data set represents a characteristic phase of the cometary orbit with respect to sub-solar latitude, see Tab. 1. The inbound equinox occurs between the first two considered months, April and June 2015, which are still before perihelion. The September 2015 set covers the highest activity period directly after perihelion. The last COPS data set from May 2016 surveys a period after outbound equinox and 9 months after perihelion. For all observation months, Rosetta surveyed the entire nucleus with all surface areas within sight, Fig. 2 . For April and June 2015, the distance from Rosetta to 67P/C-G is above 100 km, in September 2015 it increases to 400 km, and for May 2016 the distance stays below 20 km.
All model results and least-square fits are performed for the shape model S (n) with n = 9996 and N COPS density measurements, summarised in Tab. 2. For all cases, the relative error Eq. (7) is in the range 0.11-0.18, which results in high Pearson correlation coefficients (0.93-0.99) between the measured data and the model. The high correlation coefficients show that the ansatz of a linear superposition of gas sources provides an accurate parametrisation of the COPS data set, despite the assumption of a stationary and collisionless gas flow. The remaining differences between the inverse model and the observations stem from sporadic outbursts in gas emissions, instrumental uncertainties, and gas collisions. In Fig. 3 , we show a direct comparison of the measured number density and the model results from Eq. (5) (Fig. 3, 2nd panel) , while the daily variations reflect the distribution of gas sources on the nucleus. Fig. 7 . The sub panels display the distance x of Rosetta from the nucleus and the sub-spacecraft latitude φ.
Gas density at 100 km distance and on the surface
The COPS measurements provide a good sampling of the entire latitude/longitude range of the nucleus, but at varying radial distance (Fig. 2) . The parametrisation of the data set in terms of the gas model makes it possible to reconstruct the COPS data set on a spherical surface at fixed distance 100 km, see Fig. 4 . The small error between the COPS data and the model during the entire monthly data set is an indication that the stationary approximation provides a suitable description of the emission process. A continuous gas release is reflected in similar, repetitive density variations along Rosetta's orbit, which appear for similar Rosetta-nucleus viewing geometries (Fig. 7) . The 100 km densities show a 3 fold increase of the absolute gas density towards perihelion from 3 · 10 13 m −3 (April 2015) to 5 · 10 14 m −3 shortly after perihelion (September 2015) . In May 2016, the maximum density drops to 3 · 10 12 m −3 . In this month, the emitted gas is taken to be CO 2 . The seasonal effects are shown in the zonal mean densities (lateral panels in Fig. 4 ), which undergo a systematic shift of highest densities from northern to southern latitudes. One month before equinox (April 2015), the peak zonal density stems from two areas at (longitude,latitude)=(−90 • , 45 • ) and (100 • , 20 • ). Both areas are still visible in June 2015 and show increased densities of 5 · 10 13 m −3 and 8 · 10 13 m −3 , respectively. Summer solstice (September 5, 2015) follows 23 days after perihelion. Around this time, the southern hemisphere received the largest solar radiation and the zonal density in September 2015 attains its highest value at the corresponding sub-solar latitudes, see Fig. 4c . In the other months, the maxima in the zonal mean density are not occurring at the mean sub-solar latitude during the corresponding observation month, indicated by the bars in the zonal panels. In particular, CO 2 sources in the southern hemisphere are still present in the zonal density distribution for May 2016, Fig. 4d , long after perihelion and after outbound equinox, which puts the sub-solar latitude to the northern hemisphere. The side panels show the zonal mean density, the grey bars denote the subsolar latitude during the observation time. The highest gas densities shift from the northern to the southern hemisphere.
Total and surface emission rates
The gas model in Sect. 2, together with the fit to the COPS data in Sect. 3.1, allows us to obtain the outflow velocity u 0 , the surface emission rates ρ i,surf , and the total production rate Q. The fit to the COPS densities in Sec. 2.3 yields the best value for the parameter U 0 , but does not set the absolute value of the coma gas velocity u 0 . To obtain emission rates requires to specify the velocity field Eq. (2), which includes the parameter β and through it the coma gas temperature T. According to Gombosi et al. (1986); Biver et al. (2015) ; Rubin et al. (2014); Huang et al. (2016) , adiabatic cooling of the gas during expansion into vacuum leads to a reduction in gas temperature compared to the surface temperature. We study the parameter sensitivity by considering three different temperatures T = 50, 100, 200 K. The resulting range of outflow velocities u 0 and total production rates Q is shown in Fig. 5 . The total production rate increases towards perihelion and reaches 2.0 · 10 28 -4.0 · 10 28 molecules/s shortly after perihelion (September 2015) . The values obtained here are within the ranges shown in Fig. 9 of Hansen et al. (2016) . In May 2016 the total production rate has dropped to 4.1-8.1 · 10 25 molecules/s. Besides the total production rate, the gas model underlying the COPS fit determines the local surface emission rates with a high spatial resolution. For the case of a coma gas temperature of T = 100 K, the corresponding surface emission is shown in Fig. 4 is reflected in the changes of the emission rates. Directly after perihelion in September 2015, the water emission from the surface resembles the illumination conditions during that time (see Fig. 2 in Lai et al. (2016) ). Several months later (May 2016), the surface emission comes from the southern hemisphere, Fig. 6d , and shows the decoupling of the CO 2 gas production from the sub-solar latitude at that time, see Tab . After perihelion, we find a correlation of more active gas emitting areas (flux exceeds 3.5 times the average gas flux) with the locations of previous short (less than 5 min) dust outbursts observed optically around perihelion (Vincent et al. 2016) , marked by black circles in all surface maps. In each of the two months September 2015 and May 2016, 29 out of 34 reported dust outburst locations are close to active gas emitters, while in June 2015 only 8 and in April 2015 15 locations match. This observational correlation might indicate a persistence of CO 2 sources at dust outburst locations over 9 months. To illustrate how the surface sources are leading to specific COPS densities, Fig. 7 shows two periods of 24 hours for COPS data and the modeled density. These periods are separated by 9 days in April 2015 and characterise similar overflight positions for Rosetta, see Fig. 3 for the complete data set. For both days, the gas densities give repetitive patterns for succeeding relative minima and maxima. The differences of magnitude are mostly related to slightly different Rosetta distances and are equivalent to a x −2 drop in the coma. These patterns show that the model assumption of time-independent but spatially varying surface emission rates results in a good agreement to the temporally varying COPS data. On the right, a global map is shown. In addition to the general migration of gas sources from northern parts to the southern parts, more localised gas source regions are revealed.
The circles indicate locations of dust outbursts during perihelion reported by Vincent et al. (2016) . Solid black circle: correlation between dust outbursts and gas emitting areas, dotted white circle: no correlation . Figure 7 . Diurnal variation of the gas density for two different days (April 17 and April 26, 2015) , COPS data is marked by black dots, the blue line shows the modeled gas density. The inset shows the momentary view from Rosetta's orbital position. Rosetta surveys similar surface areas on both days and the gas densities show a repetitive pattern. This indicates spatial and temporal permanence of the gas sources.
Within this article, we have presented an inverse gas model approach for COPS data measurements around the comet 67P/C-G. The least-squares analysis leads to a solution for the given shape and set of observations. Coupled with the numerically efficient evaluation of the gas model, it reconstructs the COPS data spanning several weeks from a spatially varying surface emission map. The total production rates are in agreement with the combined ground observation and Rosetta data (Hansen et al. 2016) . The surface maps support the hypothesis of a widespread gas release across the surface in combination with additional localised gas sources. Localised source regions are consistently retrieved by the inverse model over distinct data sets separated by more than 9 months. A similar model has been applied to describe the dust emission of 67P/C-G, with a similar correlation (> 0.9) between optical dust observations and theoretical prediction (Kramer et al. 2015; Kramer & Noack 2016) . Comparing different seasonal conditions before and after perihelion, we observe a systematic southward migration of the gas sources. In particular, several months after perihelion the gas sources and the sub-solar latitude are not coinciding. This points to a north-south dichotomy with respect to the gas release.
